Green synthesis of zinc oxide nanoparticles using Peganum harmala seed extract, and loaded on Peganum harmala seed powdered activated carbon as new adsorbent for removal of Cr(VI) from aqueous solution by فضل زاده دویل, مهدی et al.
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In the  present  work,  powdered  activated  carbon  was  derived  from  Peganum  harmala  seed (PPAC)  and
then coated  by green  ZnO  nanoparticles  and  ﬁnally  applied  for Cr(VI)  removal.  PPAC was activated  using
a new  physicochemical  method  in  the  presence  of ultraviolet  waves.  FESEM  showed  that PPAC  has  a  high
structural  porosity.  Based  on TEM,  the  size  of  synthesized  NPs  was  40  nm.  Moreover,  EDAX conﬁrmed
the  existence  of  NPs  on  PPAC.  FTIR  spectrum  showed  the polyphenolic  groups  available  in  Peganum
harmala  seed  extract  in  the  synthesis  of NPs.  BET  analysis  presented  a speciﬁc  surface  area  of 442  m2/g for
PPAC  which  declined  after  GZnO  coating.  Experimental  data  showed  that  coating  GZnO on  PPAC enhance
the  sorption  percentage  of the  adsorbent  signiﬁcantly.  The  optimum  pH value  was  found  to  be  2. Ther(VI)
ZnO
owdered activated carbon
eganum harmala
overall  adsorption  efﬁciency  increased  with  a rise  in  temperature.  The  thermodynamic  data  indicated
that the  adsorption  process  by the adsorbent  was  endothermic  and  spontaneous  in  nature.  Furthermore,
equilibrium  data  showed  that Cr(VI)  adsorption  ﬁtted  well  with  pseudo  second  order  kinetic  model
and  the  Langmuir  isotherm  model  was  found  to describe  the  adsorption  process  better.  The  maximum
adsorption  capacity  of GZnO/PPAC  was  found  to be  74.67  mg/g.
©  2017  Elsevier  B.V.  All  rights  reserved.. Introduction
Chromium, as a toxic metal, is usually present in three and
exavalent states in aqueous solutions (Jing et al., 2014). Cr(III),
rivalent, is the most stable and important oxidation state of
hromium, relatively stable in the aquatic system due to its rather
ow water solubility, therefore, it does not create health hazards
Ahmad et al., 2011). It is critical to maintain and storage carbohy-
rate, protein, and fat in the body (Nethaji et al., 2013). Chromium
VI) is toxic and carcinogenic to humans. High exposure to Cr(VI)
ay  cause nausea, vomiting, kidney and liver damage (Fazlzadeh
t al., 2017; Jing et al., 2014; Nethaji et al., 2013). Dermal expo-
ure with chromium can result in allergic responses, skin ulcers
nd skin necrosis (Bayat, 2002). Generally speaking, Cr(VI) is an
ndicator of contamination of water by human (Limei et al., 2013).
∗ Corresponding author.
E-mail addresses: m.fazlzadeh@gmail.com (M.  Fazlzadeh),
hosravi.r89@gmail.com (R. Khosravi), m.fazlzadeh@gmail.com (A. Zarei).
ttp://dx.doi.org/10.1016/j.ecoleng.2017.02.052
925-8574/© 2017 Elsevier B.V. All rights reserved.Maximum acceptable concentration (MAC) of Cr(VI) in surface
and drinking water is 0.1 mg/l and 0.05 mg/l, respectively. Efﬂu-
ents from industries, such as tannery, electroplating, dying, paper
production, reﬁneries and wood processing (Vinod et al., 2010;
Zhongren et al., 2009) and steel (Bansal et al., 2009), contain sig-
niﬁcant quantities of Cr(VI). Therefore, it is necessary to remove
chromium containing efﬂuents before discharging them into the
environment (Ahmad et al., 2011). A number of treatment tech-
niques for the removal of Cr(VI) from aqueous environments have
been reported, mainly membrane ﬁltration, ion exchange, adsorp-
tion, electrochemical precipitation, reduction of Cr(VI) into Cr(III),
reverse osmosis, evaporation, complexing, solvent extraction and
electrolysis. However, most of the above mentioned techniques
are quite inefﬁcient due to low efﬁciency, high operational costs
and investment, high amount of energy consumption, expensive
treatment and disposal of generated sludge, which are not eco-
friendly (Babak et al., 2014). Among these techniques, adsorption
is an effective process that has advantages in terms of ﬂexibility
and design simplicity, cost, easy regeneration, and low amounts of
biological and chemical sludge generation, and ease of operation
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ompared to other techniques (Agnieszka et al., 2011; Pirsaheb
t al., 2014). Adsorption process is a mass transfer physical or
hemical process in which pollutant molecules enter from bulk
hase to solid material (Mahmood-ul-Hassan et al., 2015). Nowa-
ays, the nanotechnology appears to be an attractive, reasonable,
nd promising option to solve the environmental issues caused
y different industrial efﬂuents. Nano-materials exhibit a num-
er of special characteristics such as extremely small size, the
bsence of internal diffusion resistance and high surface area to
olume ratio, relative to bulk material which provide better the
dsorption efﬁciency of contaminants from aqueous environments
Mehrorang et al., 2013). Synthesis of nanoparticles (NPs) is an
xpensive process and requires speciﬁc separation techniques from
queous solutions (Fazlzadeh et al., 2016). NPs are usually coated
nto oxides, polymers, textiles and activated carbon. Among these,
pplication of activated carbon has shown advantages from the
conomic and environmental consideration (Ghaedia et al., 2012;
ehrorang et al., 2013). Different physical and chemical methods
Shahwan et al., 2011) such as use of sodium borohydride (NaBH4),
thylene glycol, carbo-thermal synthesis, citric acid and chitosan
ave been applied for NPs synthesis (Prasad et al., 2014). The aggre-
ation of these NPs in a linear form is one of their important
haracteristics, which generally reduce the surface area to volume
atio. Organic surfactants or capping agents can be used for the
mprovement of electrostatic repulsion among NPs (Prasad et al.,
014; Shahwan et al., 2011). Biological method of NPs generation
sing green synthesis has been receiving increased attention owing
o their eco-friendly, nontoxic nature, and stability against agglom-
ration (Prasad et al., 2014; Weng et al., 2013). In this method,
arious plant extracts and products can be used as an alternative to
hemical and physical synthesis of NPs (16). Recently, plant extracts
ncluding extract of black and green tea, oolong tea leaves, (Huang
t al., 2014), grape residues, grape leaves, black tea (Machado et al.,
013), green tea and eucalyptus leaves (Wang et al., 2014) has been
sed for the synthesis of nZVI and other NPs. In the present study,
he extract of Peganum harmala seed, an abundantly growing desert
lant in south Khorasan province, Iran was efﬁciently used as a sta-
ilizing agent for the preparation of ZnO nanoparticles (ZnO NPs).
hen, the prepared NPs were coated on powdered activated car-
on derived from Peganum harmala seeds by use of a novel method
alled ﬂoating method. In the present research, the powdered acti-
ated carbon was produced using ultrasonic waves without the
pplication of steam and nitrogen.
. Materials and methods
.1. Preparation of powdered activated carbon (PPAC)
Granular seeds of Peganum harmala were collected from south
horasan province. This plant grows in large numbers in desserts
f Iran and many countries of Middle East, Asia and some parts of
he United States of America. Until now, there is no an application
or this plant in industry. It is sometimes being used in religious
eliefs as protecting against “devil eye”. Preparation of one kilo of
eganum harmala costs 3–4 cents which is very cost effective.
After collection, the seeds were thoroughly washed several
imes with distilled water and ground well. The well-grounded
aterial was sieved through a 60 mesh screen and, then it was
mpregnated with phosphoric acid 50% and dried for 48 h at room
emperature (Liu et al., 2010). Afterwards, the dried material was
laced in a cylindrical steel reactor. The reactor then was placed
n a programmable furnace model, HL40P controller. Furnace tem-
erature reached 800 ◦C at a rate of 5 ◦C per minute and then we
emained it in this temperature for 2 min. After furnace cooling,
eganum harmala powdered carbon (PPC) was removed from theneering 103 (2017) 180–190 181
furnace. For activation, PPC was  added in 3N HCl in a 500 ml  beaker
and then it was  exposed to ultrasonic (model Elmasonic E 30H) at
37 KHz frequency for 1 h. Finally, the produced PPAC was washed
two times with distillated water until its pH value reached 6. PPAC
was then placed in an oven for 2 h at 110 ◦C to be dried completely.
Finally, PPAC was stored in a dry place for further use.
2.2. Synthesis of ZnO nanoparticles (GZnO)
In this study, Powdered Peganum harmala seed (PPH) was used
to synthesize ZnO NPs. PPH weighing 6 g was mixed with 100 ml
distilled water and then transferred to 500 ml  conical ﬂask and the
content was placed on a 300 rpm magnetic stirrer. The solution
temperature on the mixer was ﬁxed at 80 ◦C. After 1 h extract-
ing, the mixture was removed from the magnetic heater, cooled
and then ﬁltered through a vacuum pump. The produced extract
was mixed with zinc nitrate (4–1 ratio). After that, the solution
was exposed to ultrasonic for 1 h. Synthesized NPs appeared with
a white color. Then the mixture was  poured into a graduated cylin-
der, washed 3 times with ethanol and then rinsed with double
distilled water. Finally, the residue was placed into a 50 ◦C oven to
be completely dried. The synthesized NPs were ground and stored
for further use.
2.3. Coating ZnO NPs on powdered activated carbon (GZnO/PPAC)
After PPAC preparation and GZnO synthesis, 0.05 gr of GZnO
was mixed into 200 ml  distilled water and agitated for 10 min  on a
magnetic stirrer to obtain uniform distribution. Then, 5 gr activated
carbon was added into the solution and placed again onto magnetic
stirrer at 500 rpm for 10 h to complete coating process. After that,
activated carbon was  separated using a ﬁlter. The ﬁltrate was  then
washed with double distilled water and placed in oven (95 ◦C) for
10 h to be completely dried.
2.4. Adsorbents characterization
TEM images were taken by a TEM model Philips CM30 operat-
ing at 120 keV. NPs samples were dispersed in methanol for 20 min.
ZnO NPs and coated PPAC were characterized morphologically by
doing FESEM. Moreover, the EDAX analysis was used to identify
the presence of ZnO NPs coated on PPAC. These analyses were
done using FESEM/EDAX model Mira 3-XMU. Speciﬁc surface area
(BET) and total pore volume were obtained by adsorption at250 ◦C
on Belsorp mini II (Bel, Inc. Japan). Finally, the functional groups
on the adsorbent surface were determined by FTIR Spectrum RX I
(PerkinElmer, USA).
2.5. Experimental
This experimental study was done on a batch manner in 100 ml
conical ﬂasks. Desired Cr(VI) concentrations were prepared from
a 1000 mg/l stock solution of chromium. Initially, 50 ml of sam-
ple with a desired concentration was poured into conical ﬂasks.
The chromium stock was  prepared from K2Cr2O7. The pH of the
chromium solutions was  adjusted using 0.1 N NaOH and HCl. Then,
certain adsorbent doses were added into the ﬂasks and placed
immediately onto shaker with a ﬁxed agitation speed. After the con-
tact time elapsed, the sample was  ﬁltered using a whatman paper
No. 0.45 m.  Then, the ﬁltered sample was  analyzed for determi-
nation of chromium level. The effect of experimental parameters,
namely, pH (2, 3, 4, 5, 6, 7, 8) and adsorbent dose (1, 2, 3, 4, 5, 6, 7,
8, 9, 10 g/l), contact time (5, 10, 15, 20, 30, 40, 60, 80 min), initial
concentration (10, 25, 50, 75, 100 mg/l), agitation speed (0, 50, 100,
150, 200, 300 rpm) and temperature (10, 20, 30, 40, 50 ◦C) were
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Fig. 1. TEM images of GZnO synthesized from extract of Peganum harmala seed.
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Fig. 2. FTIR spectrum depicting GZnO
tudied. All the experiments were performed in duplicate and the
ean values were reported.
.6. Determination of Cr(VI) concentration
The concentrations of chromium in the solutions were deter-
ined using UV/VIS Spectrophotometer T80+ at 540 nm according
o the method described by Standard Methods for the Examina-
ion of Water and Wastewater (APHA, AWWA,  WEF, 2005). All the
eagents used were of analytical grade which were purchased from
he MERK, Germany. All the experimental data was performed and
nalyzed using Excel software.
. Results and discussion
.1. Characterization of synthesized adsorbent
Transmission electron microscopy (TEM) was used to deter-
ine the size and size distribution of the NPs. Fig. 1 shows two
mages of GZnO using extract of Peganum harmala seed. The size of
ynthesized NPs was 40 nm with non-uniform shape. The images
bviously show the successful synthesis of the NPs. Based on the
mages, synthesized NPs have two separate parts; the core and the
hell. The core and the shell (with size of 2 nm) of NPs indicate
ZnO and the capping and stabilizing materials available on plant
xtract, respectively. The crust protects the NPs against oxidation.
he types of these compounds and their role in NPs synthesis can
e determined better by FTIR analysis. A FTIR analysis in range ofbers (cm-1)
hesized from Peganum harmala seed.
400–4000 cm−1 (Fig. 2) was  used to determine functional groups
on GZnO. According to the ﬁgure, the FTIR spectra with absorp-
tion peaks at 835, 1026 & 1076, 1384, 1598, 2930, 3405 indicating
C H bending of aromatics, C N stretching vibration of amine,
CH3 bending of alkanes, N H bending of amines, O H stretch-
ing of carboxylic acid, C H stretching of alkanes, O H stretching
of polyphenols were observed. Polyphenols acts as the main sta-
bilizing agents for NPs which can be seen at 3200–3500 cm−1. It
can be seen from the other peaks that GZnO NPs were surrounded
by proteins and metabolites such as terpenoids and caffeine. Car-
bonyl groups corresponding to amino acid residue and proteins
have a high afﬁnity to bond with metal ions; stabilizing NPs and
preventing their agglomeration (Ramesh et al., 2015). The exis-
tence of these compounds around the NPs is evident in TEM image.
Moreover, the functional groups of activated carbon derived from
Peganum harmala seeds before and also after coating are compared
and the results are summarized in Fig. 3. Fig. 3(a) and (b) shows the
PPAC and GZnO/PPAC, respectively. After coating GZnO on PPAC,
strong peak at 3433 cm−1 was not changed but peak at 2360 cm−1
was disappeared completely. Furthermore, an additional peak was
appeared at 2284 cm−1. Some narrow peaks at 1868, 1708 and
1653 cm−1 were disappeared completely. Peaks at 1540, 1457 and
1171 cm−1 were shifted to 1596, 1440 and 1187 cm−1, respectively.
The peak at 502 cm−1 was  also disappeared. Some small peaks dis-
appeared after coating GZnO on PPAC and
irregularity of FTIR spectrum of GZnO/PPAC became less. The
changes occurred at PPAC spectrum after coating on GZnO con-
ﬁrmed the formation of new functional groups and generally
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Fig. 3. FTIR spectra of PPAC and GZnO/PPAC.
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howed the successful coating of PPAC on GZnO. EDAX analysis
Fig. 4) was used to present the coating of NPs on PPAC. In Fig. 4(a),
here are not any Zn ions on PPAC. But in Fig. 4(b) Zn ions are
dsorbed on GZnO/PPAC. The results also conﬁrm the FTIR analy-
is. FESEM was used to characterize adsorbents morphology. Fig. 5
epicts FESEM images of the adsorbents. According to Fig. 5 which
hows GZnO image, we can see the irregular shapes of NPs. The
ize of NPs in the ﬁgure is the same as that in TEM image. Fig. 5(b)
hows the surface of PPAC. A high porosity and uniform surface
an be seen in the ﬁgure. In this image, the presence of many pores
roves the important role of ultrasonic waves on carbon activation.
heses pores are declined in Fig. 5(c) that conﬁrms the BET results.
n the image, the surface of the adsorbent is not very porous as
hat of PPAC. This can be attributed to NPs coating on the surface of
PAC which in general decreases the porosity. Fig. 5(d) shows the
orphology of GZnO/PPAC after Cr(VI) adsorption. It can be obvi-
usly seen in the ﬁgure that the number of irregularities declined on
dsorbent surface due to formation a layer on the surface resulting
rom Cr(VI) adsorption. BET analysis was applied to evaluate spe-
iﬁc surface area of activated carbon prepared by a new method
sing ultrasonic waves. Using the analysis, total pore volume and
verage pore size were determined. The surface area, pore volume
nd pore size of NPs were 442 m2/g, 23.3 × 10−2 g/cm3 and 2 nm,
espectively based on BET analysis, which declined to 208 m2/g
nd 9.76 × 10−2 g/cm3 and 182 nm,  respectively. The result showons on PPAC, and (b) Zn ions on GZnO/PPAC.
that the surface area of the adsorbent decreased after NPs coat-
ing. Therefore, it can be concluded that both chemical and physical
adsorption took place in the adsorbent.
3.2. Effect of pH on Cr(VI) adsorption
The relation between the solution pH and the removal efﬁciency
of Cr(VI) using GZnO and PPAC is shown in Fig. 6. The ﬁndings show
that hexavalent chromium adsorption highly depends on pH value
and maximum adsorption capacity occurred at acidic pHs. With
increase in pH value, the adsorption capacity decreased. Accord-
ingly, at pH = 2, the adsorption capacities of PPAC and GZnO/PPAC
were 16.63 and 27.73 mg/g, respectively. While at pH = 8, the values
signiﬁcantly decreased to 0.67 and 1.55 mg/g, respectively.
Changes in Cr(VI) adsorption efﬁciencies with pH can be
attributed to the availability of different forms of chromium.
HCrO4− and Cr2O7− are the predominant forms of Cr(VI) at acidic
pHs. But at basic solutions, CrO42− is the only stable form (Gottipati
and Mishra, 2016; Khosravi et al., 2014). By decreasing pH value to
the range of 2–6, the equilibrium shift to dichromate side (Gottipati
and Mishra, 2016).2CrO2−4 + 2H+ → Cr2O−7 + H2 (1)
By rising pH value, the equation shifts to the left, so the level
of chromate (CrO42−) increases. Chromate ions due to having two
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inus charges requires two active site for efﬁcient adsorption,
hereas other forms of chrome which existing in acidic pHs, only
eed one active site (Yang et al., 2015). This causes that adsorp-
ion capacity of this adsorbent in the presence of CrO42− anions
nd absence of any inhibiting agent be half of that in the pres-
nce of HCrO4− and Cr2O7−. Moreover, at low pHs, there is a high
egree of protonation on adsorbent surface providing a good envi-
onment for reaction of active sites and Cr(VI) in anionic form, thus
ncreasing the electrostatic attraction, whereas at high pHs there is
 fall in the degree of protonation as competition between OH− and
rO42− ions which lead to successful occupation of the active sur-
ace sites by OH− ions, thus, reducing the overall uptake capacity
Gopalakannan et al., 2016; Gottipati and Mishra, 2016). The result
f pH inﬂuence on Cr(VI) removal in the present study is consis-
ent with the results reported by the previous studies (Zhang et al.,
015; Yang et al., 2015). According to the results presented in Fig. 7,
t is obvious that the adsorption capacity of PPAC has increasedore (c), and GZnO/PPAC after Cr(VI) adsorption (d).
signiﬁcantly after coating GZnO on PPAC. For example, at pH = 2,
adsorption capacity of the adsorbent has increased by 1.7. However,
the increase in adsorption capacity occurred when speciﬁc surface
area of GZnO/PPAC was  half of that of PPAC. Based on the result,
it can be stated that GZnO synthesis from Peganum harmala seed
enhanced the removal potential of Cr(VI). This can be attributed to
the increase in the number of sharing electrons between GZnO and
Cr(VI). This ﬁnding was also obvious in thermodynamic study.
3.3. Effect of adsorbent dosage on Cr (VI) adsorption
Based on Fig. 7, adsorption capacity decreases signiﬁcantly
with increase in adsorbent dosage. Accordingly, at a dose 0.5 g/l,
the adsorption capacity of GZnO/PPAC was 68.38 mg/g and with
increase of dosage to 10 g/l, the adsorption capacity reached to
5.73 mg/g. By increasing adsorbent dosage from 0.5 to 2, the
removal efﬁciency changed from 59.65% to 97.59%. At higher
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osages (>2 g/l), a steady behavior occurred and therefore, no
igniﬁcant change in removal efﬁciency occurred. Removal per-
entage increased with increasing adsorbent dosage. Inversely,
ith increase in adsorbent dosage, the adsorption capacity
ecreased due to the availability of more surfaces and hence, active
ites for Cr(VI) adsorption. At the beginning, the Cr(VI) removal per-
entage increased rapidly with increasing adsorbent dosage, and
hen, the rate was slower; ﬁnally, a plateau was reached (6). In the
resent study, 2 g/l adsorbent dosage was found to be optimum
hich is an ideal value considering high removal efﬁciency and
lso economic aspects. Similar ﬁndings have been reported for the
emoval of different pollutants in scientiﬁc literature (Granados-
orrea and Jiménez-Becerril, 2009; Jung et al., 2013; Moussavi and
hosravi, 2011)..4. Effect of contact time on Cr(VI) adsorption
The inﬂuence of contact time on Cr(VI) adsorption by GZnO/AC
nd PPAC is depicted in Fig. 8. Based on the ﬁgure, the adsorp-speed = 200 rpm).
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ion capacities of PPAC and GZnO/PPAC at 5 min  were 16.16 and
0.76 mg/g, respectively. By increasing the contact time to 30 min,
he adsorption capacities of the adsorbents changed to 17.25 and
3.34 mg/g, receptively. As the time proceeded to 80 min, a neg-
igible change was seen in the adsorption capacities of theses
dsorbents. From Fig. 8, it is obvious that adsorption capacity of
ZnO/PPA increased sharply at ﬁrst but, this was  not signiﬁcant
or PPAC. Therefore, it can be concluded that the adsorption rate
f Cr(VI) by GZnO/AC is higher than that of PPAC. The results
lso presented that the adsorption capacity of GZnO/AC was much
igher than PPAC. Increase in adsorbent capacity with time can
e attributed to more opportunity of contact between Cr(VI) and
dsorption sites on the adsorbent surface (Khosravi et al., 2014).
his can also due to the rapid saturation of available binding
ites on the surface of the adsorbent (Pehlivan and Altun, 2008).
he time needed to attain to equilibrium is important for deter-
ination of removal efﬁciency and estimation of feasibility and
ffectiveness of the adsorbent in the removal of different types of
ollutants (Agarwal et al., 2006; Dakiky et al., 2002). Other studies
ave also showed the increase in removal efﬁciency with contact
ime increasing (Moussavi and Khosravi, 2011; Pehlivan and Altun,
008; Sarin and Pant, 2006).
.5. Effect of temperature on Cr(VI) adsorption
The inﬂuence of solution temperature on Cr(VI) removal is
epicted in Fig. 9. The experimental data obviously showed that
y increasing the solution temperature from 10 to 50 ◦C, the Cr(VI)
emoval percentage slightly changed from 93.25 to 97.81, respec-
ively. This might be attributed to three reasons. 1; with the increase
f temperature, the diffusion rate of Cr(VI) ions in the external mass
ransport process increases, 2; when the temperature is low, the
inetic energy of Cr(VI) is low and hence contact between the metal
ons and the active sites of AC is insufﬁcient, resulting in reduction
f adsorption efﬁciency and three; temperature increase may  also
ead to the increase in number of adsorption sites as a result of
reaking of some internal bonds near edge of active surface sites
f adsorbent (Di Natale et al., 2015; Gottipati and Mishra, 2016).
lthough these reasons are not clear completely, but it can be gen-
rally stated that due to the increase of adsorption efﬁciency with
emperature increase, the adsorption process is endothermic (Di
atale et al., 2015).
.6. Kinetic study
Adsorption kinetic determines amount of mass transfer of
dsorbate per time and determines adsorption rate. In this work,
seudo ﬁrst and second order models were used. The linear forms
f these equations are as below:
t
qt
= 1
k2q2e
+ 1
qe
t (2)
og(qe − qt) = log qe − k12.303 t (3)
here, qe and qt are amount of chromium adsorbed at equilib-
ium and at time t, respectively. K1 and K2 are pseudo ﬁrst and
seudo second order rate constants (Bansal et al., 2009). The results
f kinetic study are shown in Fig. 10, and their related parameters
re represented in Table 1. Based on obtained data of adsorp-
ion kinetics, determination coefﬁcient (R2) value was  higher for
seudo second order kinetic model, i.e it can be concluded that
he experimental results ﬁt better to second pseudo order model.
dditionally, the qe value calculated from pseudo-second order
as comparable to that obtained experimentally. As pseudo sec-
nd order kinetic model is a chemosorption process, therefore, itneering 103 (2017) 180–190
can be concluded that adsorption of Cr(VI) on GZnO/PPAC is a chem-
ical in nature (Duranog˘lu et al., 2012; Yuan et al., 2009). Similarly,
several researchers used pseudo second order model to show Cr(VI)
adsorption on various activated carbons (Bayazit and Kerkez, 2014;
Duranog˘lu et al., 2012; Gottipati and Mishra, 2016; Sun et al., 2014;
Yang et al., 2015). Parameters of adsorption kinetics are given in
Table 1.
3.7. Adsorption isotherm study
For evaluation of GZnO/PPAC performance in the removal of
Cr(VI) ions, isotherm studies were conducted. Isotherms models
are important items for evaluation of an adsorbent behavior. Thus,
Langmuir and Freundlich isotherm, as the most commonly models
in adsorption studies, were used. The Langmuir isotherm assumes
monolayer adsorption of a contaminant onto an adsorbent surface
with a ﬁnite number of biding sites. it is generally known that
the Langmuir isotherm is commonly used to monolayer, and the
Freundlich isotherm to multilayer adsorption processes on hetero-
geneous surface (Sun et al., 2013). Langmuir model in linear form
can be expressed as:
Langmuir :
Ce
qe
= 1
Kl ∗ qmax +
C
qmax
(4)
Where, Ce is ﬁnal Cr(VI) concentration (mg/l), qe is amount of
Cr(VI) adsorbed (mg/g) and Kl (L/mg) is Langmuir constants related
to energy of adsorption. The fundamental characteristics of the
Langmuir equation can be described in terms of a dimensionless
separation factor, RL, deﬁned as:
RL = 1
1 + (qmax ∗ KL)C0 (5)
The RL values indicate the type of isotherm to be unfavor-
able (RL > 1), linear (RL = 1), favourable (0 < RL< 1) and irreversible
(RL = 0) (23). Linear form of Freundlich isotherm model was used
as Eq. (5):
Freundlich : ln qe = ln Kf + 1
n
ln Ce (6)
Where, Kf is maximum adsorption capacity (mg/g), and 1/n is
the constant indicative of the intensity of the adsorption, n val-
ues between 1 and 10 represents beneﬁcial adsorption. Fig. 11
shows the plotted models with related regression coefﬁcients.
The obtained isotherm parameters are given in Table 2. Higher
determination coefﬁcients (R2) for Langmuir model in Fig. 11 and
Table 2, suggest that adsorption of Cr(VI) on GZnO/PPAC follows
Langmuir model better. Thus, it can be concluded that adsorption
of Cr(VI) on GZnO/PPAC occurs on a monolayer phase and on a
homogenous surface (Moussavi and Khosravi, 2010). Considering
the Langmuir constant, adsorption energy of Cr(VI) on GZnO/PPAC
was 1.089 l/mg. The RL values near to 0 in the Langmuir model
demonstrates that the adsorption of Cr(VI) on these adsorbents is
also favourable and irreversible (Table 2). Furthermore, as can be
seen in Table 2, the value of n in Freundlich plot was  between 1 and
10, representing good adsorption potential of GZnO/PPAC (Khosravi
et al., 2014). The maximum adsorption capacity of GZnO/PPAC for
Cr(VI) was 68.49 mg/g which was  higher than those in the other
studies (Table 3).
3.8. Thermodynamic study
The thermodynamic parameters determine whether the
adsorption is spontaneous or not. Van’t Hoff equation is used to
estimate the thermodynamic parameters as following:
Kd =
qe
Ce
×  (6)
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Fig. 9. Effect of solution temperature (pH = 2, Cr(VI) concentration = 50 mg/l, agitation speed = 200 rpm).
y = -0.03x  + 0.952 1
R² = 0.955 4
-5
-3
-1
1
3
0 50 100 150
ln
 (q
e-
qt
)
Time (min) 
a
y = 0.04099x  + 0.0490 9
R² = 0.9999 9
0
2
4
6
8
0 50 100 150 200
t/q
t
time (min)
b
Fig. 10. Pseudo ﬁrst order (a), and pseudo second order kinetics (b).
Table 1
Kinetic parameters of Cr(VI) adsorption.
Pseudo-ﬁrst-order Pseudo-second-order
R2 qe (mg/g) k1 R2 qe (mg/g) k2
0.9554 2.59 0.03 0.99999 24.39 0.034
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Fig. 11. Langmuir (a), Freundlich (b) plots for Cr(VI) adsorption on GZnO/PPAC.
Table 2
Isotherm constants for Cr(VI) adsorption on GZnO/PPAC.
Langmuir Freundlich
RL R2 qmax KL R2 KF n
0.0003 0.978 68.49 1.089 0.965 6.396 1.847
Table 3
Comparison of adsorption capacity of GZnO/PPAC in this work with those obtained for different types of adsorbents from Langmuir model.
adsorbent pH Q max  mg/g References
magnetically modiﬁed multi-wall carbon nanotubes 1 14.28 [38]
magnetically modiﬁed activated carbon 1 5.07 [38]
activated carbon derived from acrylonitrileivinylbenzene 2 73.897 [37]
Microporous activated carbon 2 4.27 [24]
bamboo bark-based activated carbon 2 18.94 [27]
alumina/alginate (AlAlg) composite 2 17.45 [26]
dolomite 2 10.1 [42]
sawdust activated carbon 2 44.05 [43]
Low  cost fertilizer industry waste material 2 15.24 [44]
1.
1.
2 

Lgranular Peganum Harmala seed 
Powder of Peganum Harmala seed 
GZnO/PPAC 
G◦ = −RTLnK (7)d
nKd =
S◦
R
− H
◦
RT
(8)5 8.47 [23]
5 18.18 [23]
68.49 This study
Where, Kd is thermodynamic equilibrium constant, (H◦) is
enthalpy change, (S◦) is entropy change,  is the solution den-
sity (= 1000 g/L), R and T represent the universal gas constant
(8.314 J/mol K) and the system temperature (K). The values of S◦
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Table  4
Thermodynamic parameters for Cr(VI) adsorption by GZnO/PPAC.
T (K) H◦ (kJ/mol) S◦ (J/mol K) G◦ (kJ/mol)
283 23.035 154.68 −20.8
293 −22.16
303 −25.45
313 −23.86
323 −26.89
y = -2770.6x + 18.605
R² = 0.9955
8.6
9
9.4
9.8
10.2
0.003 0.0031 0.0032 0.003 3 0.003 4 0.003 5 0.0036
ln
 k
d
(
s
o
T
a
F
t
t
i
W
a
G
r
s
d
o
a
>
(
4
o
s
a
m
N
c
p
t
4
r
w
o
y
B
w
G
o1/T (K-1)
Fig. 12. Van’t Hoff plot for Cr(VI) adsorption onto PPAC.
J/mol K) and H◦ (KJ/mol) are determined from the intercept and
lope of liner plots of Ln(Kd) versus 1/T. Thermodynamic data
btained for 200 mg/l Cr(VI) concentration at pH 2 are given in
able 2. The negative values of G◦ (Table 4) indicate that the
dsorption process was favourable and spontaneous in nature.
urthermore, the negative sign of G◦ value with an increase of
emperature suggests the adsorption is more favourable at higher
emperature. Moreover, if H◦ < 40 KJ/mol, according to literature,
t can be stated that the physical adsorption occurs (Yao et al., 2010).
hile in the case of H◦ > 29 KJ/mol, chemosorption can occur. The
mount of enthalpy change in the present study was 23 kj/mol for
ZnO/PPAC, showing a physical adsorption process. Complexation
eaction can also occur. Moreover, the positive value of S◦ in this
tudy conﬁrms the feasibility of adsorption and the increased ran-
omness at the sorbent-solution interface during Cr(VI) adsorption
nto GZnO/PPAC (Nityanandi and Subbhuraam, 2009). Chemical
dsorption is responsible for adsorption if the enthalpy change is
29 KJ/mol, and that of complexation is between 8 and 60 kJ/mol
Duranog˘lu et al., 2012) (Fig. 12).
. Conclusion
A new type of powdered activated carbon was produced by use
f ultrasonic waves as activator agent. BET and FESEM analyses
howed that the synthesized activated carbon has a high surface
rea and porosity. In the present work, a novel and eco-friendly
ethod, green synthesis, was used for the synthesis of zinc oxide
Ps. Extract of Peganum harmala seed was used as stabilizing and
oating agent for NPs synthesis. FTIR spectrum conﬁrmed that
olyphenolic compounds and proteins have an essential role in
he synthesis of NPs. Moreover, TEM images presented a size of
0 nm for the NPs. The analysis showed a layer of capping mate-
ials of plant extract on the NPs. Green NPs of zinc oxide (GZnO)
as coated onto activated carbon and examined for the feasibility
f Cr(VI) removal from aqueous solution. In addition, EDAX anal-
sis indicated presence of NPs on the surface of activated carbon.
ased on the results, the Cr(VI) removal efﬁciency of GZnO/PPAC
as much higher than that of PPAC due to the presence of NPs on
ZnO/PPAC. The results also showed that the removal percentage
f Cr(VI) was strongly dependent on pH values. Cr(VI) adsorptionneering 103 (2017) 180–190 189
onto GZnO/PPAC was endothermic in nature and thus, increased
with increase in temperature. Furthermore, thermodynamic study
of Cr(VI) adsorption on GZnO/PPAC presented a negative value
of free gibbes energy (G◦), indicating a spontaneous reaction.
H◦ value was positive showing the reaction was  endothermic.
Experimental data ﬁtted well with the pseudo second order model,
indicating chemisorption. The results of equilibrium study showed
that obtained data exhibited better ﬁt to Langmuir isotherm, indi-
cating that the surface of the adsorbent is homogenous and thus,
monolayer adsorption occurs. Generally, ultrasonic wave in the
present study has been shown to be an effective activator for pro-
duction of activated carbon. Moreover, extract of Peganum harmala
seed was  an efﬁcient candidate for the synthesis of GZnO NPs. The
results also showed that the new synthesized adsorbent had a high
adsorption capacity, 68.49 mg/g, for Cr(VI) removal from aqueous
solutions.
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